Ru supported on mesoporous carbon Sibunit and microporous zeolites (HZSM-5, SiO 2 /Al 2 O 3 = 250; H-Beta, SiO 2 /Al 2 O 3 = 30; H-Y, SiO 2 /Al 2 O 3 = 5; H-USY, SiO 2 / Al 2 O 3 = 30) synthesized by the sol-gel method (CSIR-National Chemical Laboratory, Pune India) were prepared by impregnation of the corresponding supports with RuCl 3 •nH 2 O (0.1 M) followed by reduction in H 2 . Catalyst screening in levulinic acid (LA) (15 mL, 6.9 mmol) hydrogenation into g-valerolactone (GVL) with 1,4-dioxane (165 o C, hydrogen pressure ca. 16 bar) as a solvent showed higher activity and selectivity to GVL of Ru/zeolites compared to carbon supported catalysts. Among Ru/ zeolites LA conversion increased as follows Ru/HZSM-5 < Ru/H-Y < Ru/H-USY < Ru/H-Beta demonstrating a clear advantage of H-Beta preparation method. Optimization of the support microstructure and acidity opens a reliable way for selective catalytic LA hydrogenation to GVL. The catalysts were analyzed by TEM, XRD, H 2 -TPR and N 2 physisorption to compare their physical chemical properties.
Introduction
Commercially available levulinic acid (LA) through the Biofine processes [ 1 ] is considered as one of the top twelve biobased platform chemicals which can be converted into a wide range of valuable chemical compounds [ 2 ] . Although various catalysts, supports, and solvents have been investigated for hydrogenation of levulinic acid into g-valerolactone (GVL), it is generally considered that ruthenium is the most effective noble metal catalyst for LA liquid phase hydrogenation [ 3456789 - 10 ] . Some nonnoble metals demonstrating also high selectivity to GVL suffered, however, from lower conversion and metal leaching leading to deactivation [ 1112 - 13 ] . GVL is gaining considerable attention as a versatile building block, and can be used as a fuel additive, solvent for biomass processing, as well as a precursor for production of hydrocarbons, polymers and other valuable chemicals, having thus a great potential to reduce the consumption of petroleum-derived fossil fuels [ 14 ] . Many heterogeneous ruthenium catalysts on various supports, such as carbon, carbon nanotubes (CNT), inorganic supports (Al 2 O 3 , SiO 2 , TiO 2 , ZrO 2 , Nb 2 O 5 ) [7] , commercially available zeolites such as H-ZSM-5 (Si/Al = 25, 38, 50, 150 and 360), H-Beta (Si/ Al = 12.5), and HY-zeolite (Si/Al = 5.2) [ 15 ] were screened in the LA hydrogenation. These reactions are generally performed at a moderate reaction temperature in the range of 25-250 o C under hydrogen pressures from 1 to 150 bar. Abdelrahman et al. [4] reported an experimental study on LA hydrogenation in water in a continuous packed-bed reactor using Ru on four different supports (C, SiO 2 , Al 2 O 3 and TiO 2 ) and found the initial intrinsic hydrogenation activity was rather independent on the support type. Carbon supported ruthenium catalysts demonstrated high activity in conversion of LA into GVL due to their large surface area, developed porous structure and a neutral chemical character. It was shown that highly dispersed 5% Ru on activated carbon exhibited a superior catalytic performance yielding 99% selectivity under mild reaction conditions (Ru 5 wt.%, 100°C, 2.0 MPa H 2 , C LAo = 0.8 mol•L -1 ) [ 16 ] . At the same time it was [7] reported that Ru/Beta-12.5 had better activity than Ru/C with almost quantitative LA conversion (94%) and 66% of GVL yield after 2 h reaction (Ru 1 wt.%, 90 o C, 4.5 MPa H 2 , C LAo = 0.6-0.7 mol•L -1 , m cat = 0.06 g, stirring at 2000 rpm). Guo and co-workers [15] found that Ru/HY-zeolite was more active and selective than Ru/Beta-12.5 under applied conditions (Ru 3 wt.%, 70 o C, 1.0 MPa H 2 , C LAo = 0.1 mol•L -1 , m cat = 0.0056 g, stirring at 600 rpm). However, a proper comparison is difficult as most studies are focused on one support only and a limited number of systematic studies with different supports is available. Subsequently no conclusions can be made about the most selective support. Moreover, no comparison of carbon and zeolites supported Ru catalysts is available apart from a recent study [7] , where, however, only one zeolite (Ru/Beta-12.5) was compared with carbon. Not only the support nature but also different reaction conditions, namely type of solvent, resulted in different catalytic behavior of Ru catalysts [12, 17 ]. Among different solvents, such as water [ 18 ] , alcohols [8, 19 ] , dioxane [10] , and supercritical CO 2 [ 20 ] were used in levulinic acid hydrogenation. Less attention has been devoted to influence of support acidity or basicity even if it was recognized that surface acidity plays an important role in the product distribution [11, 212223 -24 ]. It was reported [23] that Zr-beta zeolite, rich in Lewis acid sites (Lewis/Brønsted acid ratio of 8.4) led to high activity (100% LA conversion at 118 o C in 10 h) and selectivity toward GVL (96%). High GVL yields were also reported over a PtRe/C catalyst, where Re apparently influences the acidic properties of platinum [ 25 ] .
The current study is aimed at performing a comparable study of Ru supported on mesoporous carbon Sibunit and microporous zeolites (HZSM-5, H-Beta, H-Y, H-USY) prepared using the same impregnation method in elective hydrogenation of levulinic acid into g-valerolactone. Catalyst activity (in terms of the initial rate and turnover frequency (TOF)) and selectivity to GVL were determined and the best catalyst for subsequent studies was selected.
Experimental methodology

Materials
All starting materials were reagent grade chemicals such as levulinic acid (≥99 %, Acros Organics), decane (TU 6-09-659-73), nitrogen (≥99.95%), hydrogen (≥99.95%), argon (≥99.95%). For zeolites synthesis the following reagents were used: for H-ZSM-5 sodium silicate (27- 
Preparation of zeolites
Samples of zeolites were synthesized by the sol-gel method.
To prepare H-ZSM-5 zeolite, a suspension of sodium silicate was added to an aqueous solution of TPAB. The mixture was stirred at a room temperature until a clear solution was obtained and a solution of aluminum sulfate was added under constant stirring. Stirring continued until a homogenous slurry was formed followed by adjusting pH of the gel to 10-10.5 using 1 M sulfuric acid solution. Further stirring was continued for 4 h at room temperature. The final gel mixture was put in an autoclave and subjected to a step wise thermal treatment (100 o C for 12 h, 120 o C for 5 h, 140 o C for 15 h, 170 o C for 48 h) under static conditions (autogenous pressure). The solid product was separated by centrifugation, washed several times with distilled water and ethanol, dried overnight at 110 o C, and calcined in air at 550°C for 10 h. To convert Na-form of ZSM-5 to the proton form, ZSM-5 was subjected for three ion-exchange steps using NH 4 NO 3 (1 M) solution at 70°C for 6 h. After sufficient washing, the solid was recovered, dried and calcined at 500°C for 6 h under flowing air to convert it into the proton form.
For preparation of H-Beta zeolite, sodium aluminate and NaOH were dissolved in distilled water and added into an aqueous solution of tetraethyl ammonium hydroxide under stirring. Silica sol was added slowly under vigorous stirring to the above mixture. The slurry was stirred for 5-6 h to obtain a homogeneous gel mixture. This final gel was then transferred into a stainless-steel autoclave. The molar composition of the gel was 6.0 (TEA) 2 O:2.4 Na 2 O:30.0 SiO 2 :Al 2 O 3 :840.0 H 2 O. The final gel mixture was subjected to hydrothermal crystallization at 140°C for 98 h. After complete crystallization the autoclave was allowed cooled down at 50-60°C and the solid product was separated by centrifugation, washed several times with distilled water and ethanol, dried overnight at 110°C, and calcined in air at 550°C for 10 h. Transformation of the sodium to proton form was done in the same way as for H-ZSM-5.
H-Y zeolite was prepared following the gel composition and the overall procedure reported elsewhere [ 26 ] . H-Ultra Stable Y zeolite was prepared by repetitive dealumination of H-Y zeolite by steaming.
Preparation of catalysts
Several catalysts, containing 4% of Ru, namely 4% Ru/ Sibunit, as well as 4% Ru/HZSM-5, 4% Ru/H-Beta, 4% Ru/ H-Y, 4% Ru/H-USY were prepared by incipient wetness impregnation with an aqueous solution of RuCl 3 hydrate (0.1 M). Thereafter, the samples were dried at 110 о С for 17 h and reduced by molecular hydrogen from room temperature up to 350 o C temperature with a ramp rate of 2 K/min. In addition, the samples were treated with hydrogen during 3 h at 350 o C temperature to remove the excess of chloride.
Catalysts characterization
Metal nanoparticles as-synthesized and immobilized on carbon supports were analyzed by transmission electron microscopy (TEM) to estimate Ru NPs size, X-ray fluorescent analysis (XRF) to control Ru content, X-ray diffraction (XRD) to monitor microstructure, and low-temperature N 2 physisorption to determine the pore volume and the average pore size.
TEM photographs were taken with a Hitachi-9000 NAR apparatus. The samples for TEM were prepared by placing a drop of a colloidal PVP-Ru dispersion or the sample suspension in ethanol onto a perforated carbon coated copper grid, followed by evaporating the solvent. The mean particle diameter and the standard deviation were calculated by counting at least 250 NPs from the enlarged microphotographs.
Semi-quantitative analysis of the metal concentration was performed using wavelength dispersive X-ray fluorescence (WDXRF) spectrometry with the powder pellet method. Undiluted samples (0.5 g) were milled and put in the 29 mm diameter die. The intensities of the metal lines in the samples were measured in vacuum conditions on an ARL Advant'X spectrometer equipped with a rhodium anode X-Ray tube. Excitation conditions were as follows: tube voltage of 50 kV; current of 40 mA; collimator with a divergence of 0.25°; LiF200 crystal was used as a monochromator; scintillation counter was used as a detector; counting time was 12 s. The content of elements in the sample was estimated using a semiquantitative method by means of a QuantAS program for standard-less analysis.
The chemical composition in terms of Si/Al ratio was determined by inductively coupled plasma-optical emission spectroscopy (ICP-OES, model: Perkin-Elmer Optima3000DV).
The textural properties were determined using physisorption of nitrogen at 77K in a Micromeritics Model ASAP 2400 equipment. The specific surface area was calculated using the BET method within the relative partial pressure range of 0.05-0.25.
The phase purity and crystal phase identification of zeolite samples were determined by powder X-ray diffraction (XRD). XRD patterns of zeolites were recorded on X-ray diffractometer (P Analytical PXRD system, Model X-Pert PRO-1712) using CuKα radiation at a scanning rate of 0.083 s -1 in the 2θ ranging from 5° to 50°. XRD pattern of the carbon material Sibunit was recorded with X-ray diffractometer D8 Advance (Bruker, Germany) using CuKα radiation and LynxEye detector by scanning in the 2θ-angle range from 15 o to 60 o with a step of 0.05 o and acquisition time of 9 s at each point. An in-plane crystallite size <La> and a stacking height <Lc> was determined by width of the peaks 100 and 002, correspondingly.
Acidity of zeolites in terms of desorbed mmol of NH 3 was calculated by temperature-programmed ammonia desorption (TPAD) using a Micromeritics AutoChem 2910 (USA).
TG-DTA-MS was performed with a Netzsch STA 409 PC equipped with a mass spectrometer SRS UGA 200. The measurements were carried out using corundum crucibles. DTA sample holder and the crucible were preheated to 1000°C in an air flow. Correction curves were recorded in accordance with the TPR experimental conditions from 50-800 o C with the temperature ramp 10 o C•min -1 under argon, and thereafter in a mixture of argon and hydrogen (15% hydrogen in argon).
Catalytic experiments
Liquid phase LA hydrogenation in an aprotic solvent 1,4-dioxane (15 mL, 6.87 mmol) was carried out in a stainless-steel autoclave (150 ml) with efficient stirring at a constant hydrogen pressure. In a typical experiment LA hydrogenation was performed with the catalyst loading of 0.03 -0.24 g Ru catalyst at 165 o C and 16 bars in the absence of mass transfer limitations as was established previously.
The impact of the internal diffusion was determined through the estimation of the Weisz-Prater criterion. The influence of external diffusion resistance was suppressed by conducting experiments at the stirring speed of 1100 rpm, which was shown to be efficient enough in elimination external mass transfer limitations. Influence of the gas/liquid mass transfer was elucidated by performing preliminary experiments with different catalysis loadings. Based on these experiments LA hydrogenation was carried out with the catalyst loading over Ru/H-Beta and Ru/H-USY with 0.03 g, over Ru/H-Y and Ru/H-ZSM-5 catalysts with 0.12 g, and over Ru/C 0.24 g. For comparable graphical analysis, in what follows, the X axis was normalized with the catalyst content.
Samples of the reaction mixture were withdrawn from the reactor at appropriate intervals and analyzed by gas chromatography (Chromos GC-1000 chromatograph) equipped with a flame ionization detector using BP20 capillary column (60 m/0.25 mm/0.25 μm) at 323-473 K and a heating rate of 10 K•min -1 . For analysis of the liquid phase, the temperature was increased from 323 till 523 K with the temperature ramp of 10 K•min -1 . Temperature of the detector was the same as for the evaporator being 523 K, the carrier gas was hydrogen with the flow rate 20 cm 3 •min -1 . Identification of the reaction components was carried out by chromatographic mass spectrometry with VG-7070 GC/MS using ZB-Wax capillary column (length 30 m/inner diameter 0.25 mm/film thickness 0.25 μm) and Agilent 5973N EI/PCI using VF-5ms capillary column (30 m/0.25 mm/0.25 μm).
Conversion of LA and selectivity to GVL were estimated from the peak areas based on the internal standard technique using GC keeping 100% mass balance for carbon containing reaction components. Selectivity to GVL was calculated based on the following equation: selectivity = yield of the product/total yield of all products.
TOF was calculated as a number of formed GVL moles per mole of exposed catalytic site per unit time during the first 30 min of the reaction corresponding to the linear part of the kinetic curves according to the following equation:
is GVL molar amount after 30 min, n Ru (mol) the amount of Ru in the catalyst, D Ru is the dispersion of Ru particles, calculated from Ru mean diameter (d Ru ) assuming their spherical shape according to eq. [5] , and t =30 min is the reaction time.
The GVL formation rate (r form GVL, mol GVL•s -1 ) was determined from the experimentally obtained concentration-time profiles.
Results and Discussion
Catalyst support characterization
The surface area, pore size and its distribution, metal dispersion, crystallinity, composition of the support, etc., are factors governing performance of the catalysts in hydrogenation reactions. Sibunit was as a support due to its high surface area, tunable pore sizes, and controllable structures providing for example better performance in sugar hydrogenation compared to CDC and CNF supported Ru catalysts [ 27 ] . Prepared Ru catalysts on mesoporous carbon Sibunit and microporous zeolites (H-ZSM-5, 
N 2 physisorption and acidity
Specific surface area and pore volume of zeolites (H-Beta, H-USY, HZSM-5, H-Y), and carbon Sibunit used as supports are shown in Table 1 . According to N 2 -physisorption data, Sibunit was mainly characterized by the presence of mesopores, while zeolites exhibited the microporous structure (Table 1 ). 
XRD analysis of supports
According to the XRD data ( Fig. 1a ) Sibunit is characterized by graphite-like structure with a higher interplanar spacing d 002 = 3.47 Å, a stacking height <L c > about 3.3 nm and an in-plane crystallite size <L a > about 3.0 nm. The X-ray diffraction patterns of H-ZSM-5, H-Beta and Y-type zeolite depicted in Fig. 1 b- 
Acidic properties of zeolites
Acidity of H-ZSM-5, H-Beta and H-USY calculated by TPAD is tabulated in type zeolite depicted in Fig. 1 b-d , show all characteristic peaks of zeolite MFI [28] , BEA [29] , and FAU [30] with no contribution of other crystalline or amorphous phase/s. 
Catalyst characterization
Characterization by TG-DTA-MS
For TPR analysis a Ru/C sample prepared by impregnation of the support with the chloride precursor was studied prior to its reduction in hydrogen. The results of TG-DTA-MS are presented in Fig. 2 . H 2 -TPR profile shows two main reduction peaks at about 140°C and 218°C, corresponding to reduction of Ru 4+ to Ru 3+ and Ru 3+ to Ru o [32] , respectively. It was found that reduction of Ru/C should be conducted at ca. 220 o C under temperature ramp comparable with TPR conditions. For Ru on zeolites the reduction temperature differs from that of Ru/C due to stronger metal support interactions. On the basis of the literature data [ 31 , 32 ] the consumption peak of Ru 3+ species interacting with a zeolite is shifted to a higher reduction temperature and complete reduction of Ru over zeolites can be reliably achieved at temperature before 300 o C (not shown). Thus, 350 o C was used for reduction of all Ru catalysts in this work.
XRF and TEM analysis of catalysts
XRF analysis indicated that Ru loading was comparable in al catalysts corresponding to ca. 3.9-4.0 wt.% Ru, since the same amounts of the support and the precursor were used.
According to TEM data the average particle sizes of Ru were (Fig. 3) (Fig. 3) . TEM analysis for Ru/Sibunit displayed that Ru average particle size was ca. 1.3 nm. The catalysts exhibit spherical nanodispersed particles uniformly distributed over the support surface except Ru/HZSM-5 where Ru NPs formed agglomerates in the form of chains of different sizes. Carbon supported Ru sample was studied by XPS showing that all catalysts exhibit metal nanoparticles as the active components with a small fraction of metal being in an oxidized state (not shown).
Data showing the Ru NPs size and the metal loading determined for reduced Ru catalysts are presented in Table 3 .
XRD catalysts characterization
The X-ray diffraction patterns of Ru/H-ZSM-5, Ru/H-Beta and Ru/Y-type zeolite depicted in Fig. 4 , shows all characteristic peaks of zeolite MFI [28] , BEA [29] , and FAU [30] with no contribution due to other crystalline or amorphous phase/s. The peak corresponding to Ru was not detected in Ru/H-USY and Ru/H-Y because of a very small size of Ru NPs, confirmed by TEM data (Fig. 3) whereas Ru metal phase was identified in Ru/H-ZSM-5 sample containing a significant portion of large NPs according to TEM along with small NPs (Fig. 4 c) . Ru crystallite sizes in Ru/H-Beta and Ru/H-ZSM-5 determined from estimation of coherently scattering domains were found to be 16 nm. Some discrepancy with TEM data can be related to non-uniform bimodal Ru NPs size distribution in this catalyst (Table 4 ).
Levulinic acid hydrogenation over Ru catalysts
Products of LA transformation
All catalysts (4% Ru/C, 4% Ru/H-ZSM-5, 4% Ru/H-Beta, 4% Ru/H-Y, 4% Ru/H-USY) were tested in hydrogenation of LA in an autoclave at 165 o C and 16 bar of hydrogen pressure. According to GC analysis LA hydrogenation mainly resulted in formation of the desired GVL product both for carbon and zeolites supported Ru, whereas pentanoic acid (PA) and 2-methyltetrahydrofuran (MTHF) were observed in minor quantities. The reaction pathways proposed in the literature (Fig. 5 ) have been also considered for hydrogenation of LA in the current study [21] . In general, GVL can be synthesized by hydrogenation of LA to 4-hydroxypentanoic acid (4-HPA) and subsequent dehydration or by dehydration to Angelica-lactone (AL) followed by reduction ( Fig 5) . The yield for side products was dependent on the support not exceeding few percent.
Effect of hydrogen pressure over Ru/C
The effect of hydrogen pressure was studied in LA hydrogenation over Ru/C to tune catalyst activity by changing the reaction conditions. It was found that a hydrogen pressure increase from 6-16 bars gave an increase in LA hydrogenation (Fig. 6) indicating that the reaction order in hydrogen is somewhat higher that unity which can be tentatively explained by lower catalyst deactivation at a higher hydrogen pressure. Thus, further experiments were carried out at 16 bar hydrogen pressure.
Effect of the support
Results on influence of different catalyst supports on LA hydrogenation and GVL formation rate are presented in Fig. 7 . For Ru on the zeolitic supports the amount of pentanoic acid was noticeably higher than over carbon support but not as prominent as reported in [24] for, e.g., Ru/H-ZSM-5.
It should be noted that all Ru catalysts in the current work gave high selectivity (97-98%) for GVL at 100% conversion of LA. However, LA hydrogenation rates were different with the lowest one displayed by 4% Ru/C in comparison with more active zeolite catalysts ( Table 5 ). Deterioration of catalytic activity of Ru/H-ZSM-5 could be seen during LA hydrogenation in an organic solvent ( Fig. 7) which can be related to the smaller pore size of this catalyst. Zhang and co-workers [ 33 ] reported that deactivation of Ru/H-ZSM-5 is related to more prominent influence of carbon deposition and thus poorer accessibility for the catalyst with a smaller channel. Zhang and co-workers also stated that the types of Al species, support structure, Ru dispersion and leaching, along with carbon deposition influence activity and stability.
It can be concluded from Fig. 7 that LA conversion and GVL yield increased in the raw: Ru/H-ZSM-5 < Ru/H-Y < Ru/H-USY < Ru/H-Beta.
Previously it was reported that LA hydrogenation is structure sensitive over Ru catalysts [5] . For catalysts, prepared with the RuCl 3 precursor, a volcano-type plot was found for the initial rate as function of Ru particle size, with the highest activity for Ru nanoparticles displayed with an average diameter of ca. 2 nm [5] . A similar trend was found for the catalysts prepared with other precursors. Cao et al. [ 34 ] studied hydrogenation of LA using Ru/Al 2 O 3 and Ru/C catalysts and also revealed the presence of a typical volcano-type dependence of TOF vs. mean Ru particle size where a maximum TOF was observed for the catalysts with d Ru ca. 1.5 nm for both supports [34] .
The impact of the Ru nanoparticle size on catalytic activity for the hydrogenation of LA in the current work was considered by comparing the initial rate of GVL formation (r form (GVL), mol GVL•(mol Ru•s) -1 ) and TOF (s −1 ) as a function of the average Ru nanoparticle diameter determined by TEM (Table 3) . TOF values are generally considered to be a better activity performance indicator as they are normalized per exposed Ru atoms (based on TEM average particle size data). For Ru/H-ZSM-5 catalyst with a bimodal NPs distribution large Ru NPs were not taken into consideration because of their low catalytic activity. Table  5 shows that the catalysts with similar Ru average NPs size (entries 1-3) showed strong discrepancies in activity. These results imply that the contribution of acidity and microstructure is very prominent when the size effect is H-ZSM-5 belonging to the pentasil family is an eightmember ring zeolite, which can explain more prominent carbon deposition as the latter is related to the pore diameter and the channel framework [ 35 ] . Therefore, it is reasonable to suggest that coking blocks acidic sites located inside the channels, it more prominent in the case of Ru/H-ZSM-5. The faujasite framework of H-Y zeolite consists of sodalite cages, connected through hexagonal prisms, with the pores formed by a 12-membered ring, having a relatively large diameter of 0.74 nm. Nevertheless, activity of H-Y is on par with H-ZSM-5 displaying, however, more stable behavior. Steaming of H-Y improving mesoporosity resulted in H-USY material, which after deposition of Ru displayed much higher activity. The framework of zeolite Beta in combination with its acidity is also favorable for promoting transformation of levulinic acid into GVL apparently without deposition of carbonaceous residues.
In terms of the reaction mechanism higher acidity of a catalyst with an adequate pore structure can accelerate the second step of LA transformation into GVL, namely dehydration followed by an intramolecular esterification resulting in formation of the ring structure of GVL. Ru catalysts with different type of microporous zeolites and mesoporous carbon Sibunit as supports were synthesized by the wet impregnation method using RuCl 3 precursor and studied in LA hydrogenation under comparable conditions to produce biofuel components from lignocellulose-derived oxygenates. Ru on microporous zeolites demonstrated higher activity than mesoporous Ru/C while similar high selectivity to GVL regardless of the support was observed. Ru supported on H-Beta and H-USY catalysts characterized by similar values SiO 2 / Al 2 O 3 = 30 and high acidity (0.53 and 0.74 mmol of NH 3 •g -1 , respectively) exhibited TOF values an order of magnitude higher than for Ru/H-Y, Ru/H-ZSM-5 and Ru/C. Lower catalytic activity in the latter case can be attributed both to low acidity and non-optimal metal particle size. In the case of Ru/H-ZSM-5 smaller channels are more easily blocked by carbon deposits. Ru NPs deposited on Ru/H-USY and beta zeolites possessing higher acidity, required for the dehydration step, are more accessible for reactants allowing thus high catalyst activity.
